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The Top Quark
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nucleus

is the top quark as predicted by the SM?
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The Top Quark
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1000s of events

The Top Quark
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Top Quark Pair Production
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Tevatron 
(~85%)

LHC
 (~87%)

(8 TeV)
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Top Quark Pair Signatures
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• high pT leptons, missing ET
• jets
• b-jets

τ’s
14%

dilepton (e/μ)
6%

e/μ+jets
34%

alljets
46%
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Lepton+Jets Topological Cross Section
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Likelihood Discriminant

e.g. lepton transverse energy

e.g. pseudorapidity, aplanarity

for separation between signal and 
background use variables such as:

top pairs

powerful test of QCD and 
search for new physics!

top pairs
CDF-CONF 10878

ATLAS-CONF-2012-149

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-149
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-149


- Christian Schwanenberger -Top Quark Production LHCP Barcelona

Lepton+Jets Cross Section
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±13%

W+jets

top pairs

ATLAS-CONF-2012-149

main systematics:
• signal modelling
• jet/MET reconstruction

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-149
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-149
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Dilepton Cross Section
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top pairs

±4%

JHEP 11 067 (2012) main systematics:
• jet energy scale
• W branching fraction
• lepton efficiencies
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Top pair cross section in other channels
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l+

ν

q
q’

ν
τ+

τ-

ν

q’

q
q’

q_

_

_

_

Eur. Phys. J. C, 73 2328 (2013)

PLB 717 89 (2012)

±25%

±13%

arXiv:1302.0508

±20%

http://arxiv.org/abs/1302.0508
http://arxiv.org/abs/1302.0508
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Top Pair Production Cross Section
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NNLOATLAS-CONF-2012-024

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-024
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-024
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Top Pair Production Cross Section
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Top Pair Production Cross Section
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±5.8%

CMS PAS TOP-12-003

ATLAS-CONF-2012-134

http://cdsweb.cern.ch/record/1478429?ln=en
http://cdsweb.cern.ch/record/1478429?ln=en
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-134/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-134/
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Top Pair Production Cross Section
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±5.4%

preliminary
May 2013
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Top Pair Production Cross Section
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Top Pair Associated Production
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 ➞ good agreement with higher order QCD calculations 

b
b
_

arXiv:1303.3239

arXiv:1304.6386

http://arxiv.org/abs/arXiv:1303.3239
http://arxiv.org/abs/arXiv:1303.3239
http://arxiv.org/abs/1304.6386
http://arxiv.org/abs/1304.6386
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Differential Cross Sections
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 ➞ we are challenging NLO QCD calculations 

• systematics 
   limited pTjet>60GeV

CMS PAS TOP-12-023Eur. Phys. J. C 73, 2261 (2013)

http://cdsweb.cern.ch/record/1478672
http://cdsweb.cern.ch/record/1478672
http://link.springer.com/article/10.1140/epjc/s10052-012-2261-1
http://link.springer.com/article/10.1140/epjc/s10052-012-2261-1
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Differential Cross Sections
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 ➞ we are challenging NLO QCD calculations 

• systematics 
   limited

CMS-PAS-TOP-12-028
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Single Top Quark Production
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Output Discriminant for l+jets
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CDF-CONF 10793
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Output Discriminant for l+jets
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CDF-CONF 10793

±18%
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±18%CDF e/μ+jets 7.5 fb-1

m
t=

17
0 

G
eV

m
t=

17
2.

5 
G

eVDØ e/μ+jets 5.4 fb-1

CDF MET+jets 9.1 fb-1

Kidonakis, 0909.0037 
[hep-ph]

Kidonakis PRD 74, 114012 (2006)

⇒ good agreement with Standard Model

Single Top Production at the Tevatron

CDF-CONF 10979

CDF-CONF 10793

PRD 84 , 112001 (2011)

main Systematics:
• b-tagging
• W+jets normalisation
• jet energy scale/resolution

σs+t [pb]

⇒ first observation
    by CDF and D∅

PRL 103, 092002 (2009)
PRL 103, 092001 (2009)

http://dx.doi.org/10.1103/PhysRevD.84.112001
http://dx.doi.org/10.1103/PhysRevD.84.112001
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CDF e/μ+jets 7.5 fb-1

m
t=

17
0 

G
eV

m
t=

17
2.

5 
G

eVDØ e/μ+jets 5.4 fb-1

CDF MET+jets 9.1 fb-1

Kidonakis, 0909.0037 
[hep-ph]

Kidonakis PRD 74, 114012 (2006)

±8%

⇒ good agreement with Standard Model

|Vtb| = 0.92±0.10

|Vtb| = 0.92-0.11
+0.10

|Vtb| = 0.88±0.07

Extraction of Vtb

σs+t [pb]

arXiv:/0908.2171 [hep-ex]

http://arxiv.org/abs/0908.2171
http://arxiv.org/abs/0908.2171
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Single Top t-channel Production

32

- remove s/t channel constraint which 
   could be changed by new physics
- train multivariate analysis 
   for t-channel
- measure s- and 
   t-channel 
   simultaneously

PLB 705, 313 (2011)

first observation with 5.5σ
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Single Top t-channel Production

33
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Single Top t-channel Production
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first observation with 5.5σ
PLB 705, 313 (2011)

- remove s/t channel constraint which 
   could be changed by new physics
- train multivariate analysis 
   for t-channel
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Single Top t-channel Production
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- remove s/t channel constraint which 
   could be changed by new physics
- train multivariate analysis 
   for t-channel

ATLAS-CONF-2012-132
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Single Top t-channel Production
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σt=95.1 ± 2.4 (stat) ± 18.0 (syst) pb 

±10%

±19%8 TeV:

main Systematics:
• t-channel generator, ISR/FSR
• b-tagging

7 TeV:
σt=67.2 ± 3.7 (stat) ± 3.5 (syst) ± 1.5 (lumi) pb 

±8%

|Vtb| = 1.04+0.10
-0.11
+0.10

|Vtb| = 1.04±0.049 ±5%

JHEP12 035 (2012)

ATLAS-CONF-2012-132
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Single Top t-channel Production
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main Systematics:
• t-channel generator, ISR/FSR
• b-tagging

JHEP12 035 (2012)

ATLAS-CONF-2012-132
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Single Top t-channel Production
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Single Top t-channel Production
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.CMS prel.

u d

W+
+

d u

W-
-

_
_

ATLAS-CONF-2012-132

ATLAS-CONF-2012-056
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Wt-channel Production
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- train multivariate analysis 
   for Wt-channel

evidence with 4.0σ

t

W

evidence with 3.3σ

PLB 716, 142 (2012)

PRL 110, 022003 (2013)

http://www.sciencedirect.com/science/article/pii/S0370269312008489
http://www.sciencedirect.com/science/article/pii/S0370269312008489
http://dx.doi.org/10.1103/PhysRevLett.110.022003
http://dx.doi.org/10.1103/PhysRevLett.110.022003
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Single Production Channels at the LHC
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⇒ good agreement 
with Standard Model
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Forward Backward Charge Asymmetry
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NLO QCD

• complementary between pp and pp
_
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Forward Backward Charge Asymmetry

44

1.9σ

NLO QCD+EWK: Afb = 0.066
Afb = 0.162 ± 0.047 (stat.+syst.) 

PRD 87, 092002 (2013)



- Christian Schwanenberger -Top Quark Production LHCP Barcelona

Angular Distribution
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CDF-CONF 10974
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Forward Backward Charge Asymmetry
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PRD 84, 112055 (2011)

PRD 87, 092002 (2013)
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Leptonic Asymmetry
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AℓFB = 5.8 ± 5.3%

• complementary 
information

PRD 87, 011103(R) (2013)
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Leptonic Asymmetry
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AℓFB = 5.8 ± 5.3%

• complementary 
information

⇒ good agreement with SM
    statistically limited

PRD 87, 011103(R) (2013)
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Leptonic Asymmetry
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AℓFB = 15.2 ± 4.0% AℓFB = 5.8 ± 5.3%

• complementary 
information

AℓFB = 9.4+3.2 %-2.9

CDF:

PRD 84, 112055 (2011) PRD 87, 011103(R) (2013)
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Leptonic Asymmetry
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AℓFB = 15.2 ± 4.0% AℓFB = 5.8 ± 5.3%

MC@NLO:
AℓFB = 2.1 ± 0.1%

QCD+EWK:
AℓFB = 4.7 ± 0.1%

AℓFB (combined) 
= 11.8 ± 3.2%

• complementary 
information

AℓFB = 9.4+3.2 %-2.9

CDF:

2.2σ

PRD 84, 112055 (2011) PRD 87, 011103(R) (2013)
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Charge Asymmetry: LHC

51

AC (l+jets) = -1.8 ± 3.6%
AC (l+jets) = +0.4 ± 3.7%

AC (dilepton) = 5.7 ± 2.8%
AC (dilepton) = 5.0 ± 4.3%

AC (combined) = 2.9 ± 2.8%

MC@NLO:
AC = 0.6 ± 0.2%

⇒ good agreement with SM
PLB 717, 129 (2012) CMS PAS TOP-12-010

Eur.Phys.J. C72, 2039 (2012)
ATLAS-CONF-2012-057

http://cdsweb.cern.ch/record/1493476
http://cdsweb.cern.ch/record/1493476
http://www.springerlink.com/content/61x5lq055240w477/
http://www.springerlink.com/content/61x5lq055240w477/
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FB vs Charge Asymmetry
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➞ Tevatron excess will be further investigated

Eur.Phys.J. C72, 2039 (2012)

CMS updated

http://www.springerlink.com/content/61x5lq055240w477/
http://www.springerlink.com/content/61x5lq055240w477/
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Outline
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• we are in the middle of the precision top physics era
  - top pair cross section (5.4% Tevatron, 4% LHC)
  - Vtb (8% Tevatron, 5% LHC)
  - differential cross sections: challenging NLO QCD 
     calculations
• new processes: t-channel single top (observation), 
   tW (evidence), ttZ (evidence), tt+HF, ttγ, ttH, 
   tt+gap fraction, ...
➞ good agreement with SM
• top pair asymmetry: 
   - good agreement at the LHC
   - puzzling situation at the Tevatron, 
      more analyses soon ready

Summary

54
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Backup
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Legendre Polynomials
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CDF-CONF 10974



- Christian Schwanenberger -Top Quark Production LHCP Barcelona

Lepton+Jets Cross Section
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top pairs ±7%
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Single Top s- vs. t-channel
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⇒ good agreement with Standard Model

PLB 705, 313 (2011)

.
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Single Top s- vs. t-channel
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⇒ good agreement with Standard Model

CDF-CONF 10793

.

.

.
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It has been challenging for years...

60
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Mulitvariate Analyses

61

Neuroevolution of 
Augmenting TopologiesNeural NetworksBoosted 

Decision Trees
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Lepton+Jets Topological Cross Section

62

Likelihood Discriminant

e.g. scalar sum of transverse momenta

e.g. pseudorapidty, aplanarity

for separation between signal and 
background use variables such as:

powerful test of QCD and 
search for new physics!

W+jets

top pairs
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Single Top t-channel Production

63

- remove s/t channel constraint which 
   could be changed by new physics
- train multivariate analysis 
   for t-channel
- measure s- and 
   t-channel 
   simultaneously

σ(t-channel)=2.90±0.59 pb 
observation with 5.5σ

±20%

PLB 705, 313 (2011)

σt =  2.12±0.16 pb
NNNLOapprox, mt = 172.5 GeV
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Charge Asymmetry: LHC
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AC (l+jets) = -1.8 ± 3.6% AC (dilepton) = 5.7 ± 2.8%

AC (combined) = 2.9 ± 2.8%

MC@NLO:
AC = 0.6 ± 0.2%
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FB vs Charge Asymmetry
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➞ Tevatron excess will be investigated with full dataset
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The Tevatron pp Collider at Fermilab
_
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The LHC pp Collider at CERN
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Lepton+jets Signatures
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background signal 
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Dilepton Signatures
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signal background 
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Multivariate Analyses

70
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Multivariate Analyses
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Single Top Quark Observation
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Single Top Quark Observation

73
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Single Top t-channel Production
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- remove s/t channel constraint which 
   could be changed by new physics
- train multivariate analysis 
   for t-channel
- measure s- and 
   t-channel 
   simultaneously

check light quark flavor content 
of proton:

u d

W+
+
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Single Top t-channel Production
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- remove s/t channel constraint which 
   could be changed by new physics
- train multivariate analysis 
   for t-channel
- measure s- and 
   t-channel 
   simultaneously

check light quark flavor content 
of proton:

d u

W-
-

_
_
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Single Top Wt-channel Production

76

evidence with 3.3σ SM: σWt=15.7 pb 


